Summary
To date, blockade of growth factor receptors is the mainstay of targeted therapy in metastatic breast cancer (mBC). Monoclonal antibodies such as trastuzumab and bevacizumab represent the first generation of molecular-based therapies. Both the HER2 inhibitors and the vascular endothelial growth factor (VEGF) antagonists have shown synergism with a broad spectrum of established cytotoxins, thus being approved for first-line treatment of mBC in combination with taxanes. As a next step, tyrosine kinase inhibitors (TKIs) have been integrated into daily routine as an alternative approach for targeting HER2: The dual HER1/2 inhibitor lapatinib demonstrated activity in trastuzumab-pretreated mBC patients in combination with capecitabine. Furthermore, chemotherapy-free regimens (trastuzumab or lapatinib plus aromatase inhibitors) have been identified as additional options for hormone receptor (HR)-and HER2-positive patients. Recently published data indicate that a combination of two biologicals such as lapatinib and trastuzumab can be effective as a treatment beyond trastuzumab related progression. Multitarget TKIs have the potential to inhibit several signaling pathways involved in breast cancer-related angiogenesis. Until now, they have failed to show a clear benefit in mBC. On the other hand, poly(ADP-ribose) polymerase (PARP) inhibition, mediated by a new class of small molecules, is an interesting area of investigation. Future directions of research in HER2-positive breast cancer focus on the evaluation of novel antibodies (pertuzumab, T-DM1), and irreversible TKIs (neratinib, BIBW 2992) and inhibitors of HER2-related downstream signaling (mTOR, TORC 1/2, PI3K/Akt) and of receptor cross-talk (IGFR).
Breast Care 2010;5: [134] [135] [136] [137] [138] [139] [140] [141] Targeted Agents in the Treatment of Metastatic Breast Cancer 135 spective taxane standard therapy. However, prolongation of progression-free survival (PFS) of less than 1 month was significantly shorter in the avastin and docetaxel (AVADO) study, compared to a combination regimen with paclitaxel and bevacizumab (median 11.8 vs. 5.9 months). Nonetheless, in the Eastern Cooperative Oncology Group (ECOG) 2100 study, the near-duplication of PFS had no impact on overall survival [1, 2] . So far, available data from the AVADO study show a 1-year survival rate, favoring the bevacizumab regimen (83 vs. 78%). The lower bevacizumab dose of 7.5 mg/kg q3w, e.g. administered in colorectal cancer, was evaluated in this study as well. A trend towards better response and 1-year survival was observed for the higher dosage (15 mg/kg q3w) [3] .
Subgroup analyses of both studies revealed that patients receiving prior adjuvant taxane therapy gained a marked benefit from bevacizumab and renewed taxane administration. On the other hand, occasionally observed persistence of taxane-induced polyneuropathy prevented rechallenge of taxanes in the metastatic state.
In this context, the role of taxane-free bevacizumab combinations should be considered. According to an international phase III study (RIBBON-1), improvement of overall response and PFS was achieved by combining the VEGF antibody with capecitabine, antracyclines and taxanes [4] .
Administration of angiogenesis inhibitors in further lines remained questionable in the past, based on models considering the limiting role of angiogenesis in late tumor states as well as results from a phase III study with capecitabine and bevacizumab in this setting [5] . The multinational RIBBON-2 study addressed this issue by randomizing almost 700 patients 2:1 for chemotherapy with either taxanes (n = 201), gemcitabine (n = 108), capecitabine (n = 97) or vinorelbine (n = 53) plus bevacizumab or chemotherapy plus placebo (n = 225). After 15 months of follow-up, pooled evaluation of the four chemotherapy cohorts showed a significant reduction of about 22% (hazard ratio (HR) 0.78; p = 0.0072) in the progression risk and a 2-month prolongation of PFS compared to chemotherapy alone (7.2 vs. 5.1 months). This was consistent with results from a separate analysis of 3 out of the 4 cohorts: Combining bevacizumab with taxanes, gemcitabine or capecitabine resulted in an equally significant risk reduction for progression. In the vinorelbine cohort, however, the bevacizumab combination did not show any benefit. This might be explained by the small size of the subgroup, including only 23 patients in the placebo arm.
The pooled overall response rate (ORR) increased from 29.6% in the placebo arm to 39.5% in the combination arm. At this point, a tendency benefit of bevacizumab was observed in overall survival, achieving a relative reduction in mortality of 10% (HR 0.90; p = 0.37). However, the final survival analysis requiring the achievement of 75% of all results
is not yet available [6] .
To date, the optimal duration of bevacizumab-based therapy in metastatic breast cancer (mBC) has not yet been de-
Introduction
Implementation of molecular biological knowledge into the routine of clinical practice has led to therapeutical progress in breast cancer and allowed the identification of new subgroups of tumors. Especially HER2-positive tumors have been treated as a separate collective since the establishment of HER2-targeted therapies. In contrast, HER2-negative carcinomas are a heterogeneous population, including the prognostically favorable luminal subtype with high hormone receptor (HR) expression rate (luminal A) as well as aggressive triple-negative carcinomas.
Anti-Angiogenesis
Angiogenesis is recognized as one of the critical events required for tumor progression, where cancerous growth is dependent on vascular induction and the development of a neovascular supply. Anti-angiogenic therapy stems from the fundamental concept that tumor growth, invasion and metastatis are angiogenesis dependent. The microvascular endothelial cell recruited by a tumor has become an important second target in cancer therapy. Angiogenesis research plays a key role in oncology since central mediators have been identified in the essential process of tumor development. Pro-and anti-angiogenic factors are involved in complex interaction in order to maintain vascular equilibrium in the physiological state. This equilibrium is jeopardized when a need for increased oxygen arises in consequence of malign growth, which stimulates the generation of hypoxy-inducible factor 1 (HIF-1). Activation of HIF-1 is also involved in the up-regulation of serveral angiogenic factors.
Vascular-Targeted Antibodies
Each step in the angiogenetic regulatory pathway represents a potential target for therapeutic development. Anti-angiogenic therapy is based on the inactivation of members of the vascular endothelial growth factor receptor (VEGFR) family, resulting in relevant anti-tumor activity. Perhaps the best-validated antiangiogenic approach involves blockade of the vascular endothelial growth factor (VEGF) and its signaling pathway. Indeed, inhibitors that block the VEGF pathway have shown extensive pruning of the rapidly growing tumor vasculature, decreasing microvessel density and normalizing the remaining blood vessels, thereby improving the delivery of chemotherapy. In combination with taxanes, bevacizumab was the first angiogenesis inhibitor to be approved as first-line therapy for HER2-negative breast cancer in many countries. The humanized monoclonal antibody binds selectively to the cytokine VEGF-A, the ligand for VEGFR 1 and 2. In combination with paclitaxel (36.9 vs. 21.2%) as well as with docetaxel (63 vs. 44%), bevacizumab significantly increased the response rate in first-line therapy for HER2-negative breast cancer, compared to the re-apy. HER2-negative patients receiving prior anthracycline and taxane therapy up to two regimens in the metastatic state were included in the study. The primary objective was to exceed PFS compared to the control arm receiving capecitabine treatment by at least 33%. However, initial interim analysis revealed that the primary study objective was impossible to achieve. Consequently, the study was prematurely discontinued after 482 patients had been recruited. Sunitinib had proven to be inferior in response as well as PFS [11] . This can be interpreted in different ways:
The biologicals approved for breast cancer treatment so far show moderate activity as single agents. The publication of bevacizumab data has already occasioned a debate on the significance of angiogenesis inhibitors in the later metastatic state. After all, more than 80% of patients from the sunitinib study had received more than one regimen in the metastatic state.
Results from two randomized phase II trials testing sorafenib, another mTKI in first-and second-line therapy of HER2-negative breast cancer, provides further information regarding the feasibility of mTKI-based combination. The drug profile of sorafenib is similar to that of sunitinib; however, sorafenib has higher affinity to the intracellular raf kinase. Combined with capecitabine, sorafenib significantly improved the primary endpoint, PFS, compared to the respective cytostatic agent alone. However, the experimental regimen was associated with increased non-hematological toxicity. Hand foot syndrome (HFS) was the most relevant adverse event, with grade 3 occurring in 45% (sorafenib + capecitabine) and 33% (sorafenib + paclitaxel) of patients, thus surpassing the incidence of skin reactions extensively occurring in poly-chemotherapies or bevacizumab combinations [12, 13] . In the light of the data reported above, a certain dilemma regarding the administration of mTKIs in breast cancer becomes obvious:
On the one hand, the results indicate that combining multikinase inhibitors with cytostatic agents in further trials may be beneficial. On the other hand, toxicities may be a limiting factor. The evaluation of combining agents with a low risk for overlapping non-hematological toxicities (HFS, diarrhea) should be one objective in future trials with this class of agents.
Poly(ADP-Ribose) Polymerase Inhibition
As mentioned above, from the current tumor-biological standpoint, HER2-negative breast cancer is heterogeneous. Here, the triple-negative breast cancer (TNBC) subtype remains a challenge, for various reasons:
The aggressive phenotype is associated with a higher risk for early development of distant metastases despite administration of modern adjuvant therapies [14] . While the majority of tumors respond well to the same anthracycline-and taxanebased regimens in the neoadjuvant setting [15] , the chemosensitivity of TNBC has yet to be determined. fined. However, there is some evidence that the combination with the respective cytostatic agent should be switched to maintenance therapy with the VEGF antibody after 6-8 cycles, depending on the remission dynamics [7] .
Prediction of Response
Available data show that VEGF is a promising target for targeted therapy of mBC. However, data also indicate limitations in the use of this novel mode of action. Defining a patient group within the HER2-negative collective that benefits from anti-VEGF therapy has failed so far. Identification of valid biological markers remained unsuccessful in spite of extensive research. However, a retrospective analysis from the E2100 study indicated that single nucleotide polymorphisms (SNPs) in VEGF are associated with sensitivity towards bevacizumab. Recent analysis of polymorphisms in the VEGF gene have revealed an association between patients with VEGF-2578 AA and VEGF-1156 AA genotypes and better overall survival versus the other genotypes in the bevacizumab-treated arm. In addition, it was shown that patients with the VEGF-1498 TT and VEGF-634 CC genotypes were largely protected from serious hypertension compared to the other genotypes [8] . Prospective studies are required to confirm these results.
Multitargeted Agents
Multitargeting addresses the problem of adaptability and redundancy in molecular pathways. This diversity in possible signal transduction routes allows cancer cells to have flexibility in bypassing the inhibited receptor. Despite the positive results seen with VEGF inhibitors, clinical resistance remains an issue as these compounds block only one proangiogenic protein (e.g., VEGF) whereas many human tumors produce multiple proangiogenic proteins, which allows the tumor to evade angiogenic blockade. Therefore, additional targets and pathways are exploited to broaden the anti-angiogenic spectrum. Several other members of the receptor tyrosine kinase (RTK) superfamily besides VEGFR 1-3 are involved as angiogenesis promoters in the development and progression of breast cancer. For example, a higher expression of the platelet-derived growth factor receptor (PDGFR) is associated with higher incidence of metastases, relative resistance against chemotherapy, and shorter survival. In addition, overexpression of the stem cell factor receptor (c-kit) has been demonstrated for breast cancer, preferentially in the triple-negative subtype [9, 10] .
Sunitinib is a member of this new generation of angiogenesis inhibitors, known to successfully inhibit the entire scope of RTKs. In contrast to bevacizumab, sunitinib antagonizes tyrosin kinase activity at the intracellular receptor domain. Sunitinib is the first multi-tyrosine kinase inhibitor (mTKI) to be tested in a prospective phase III trial against chemotherBreast Care 2010;5:134-141
Targeted Agents in the Treatment of Metastatic Breast Cancer 137 PARP-1 and -2, which results in a dysfunctional DNA repair system in BRCA1/2-deficient tumors. In consequence, these tumors are more sensitive towards PARP inhibition in vitro than the wild type [20] . Clinical proof of concept was achieved in a mixed collective of solid tumors. In addition, the optimal dose was established. The following phase II trial enrolled 54 patients who were randomized into two cohorts receiving 400 mg (n = 27) and 100 mg (n = 27), respectively, oral olaparib twice daily. The patients were intensively pretreated. The median number of 3 regimens consisted mainly of anthracyclines and taxanes, combined with platinum derivatives in 20-30% of cases. 50% of the patients were triple negative. A response rate of 41% and a PFS of 5.7 months were achieved with the higher dosage compared to 22% and 3.8 months with the lower dosage, establishing 400 mg as the daily recommended dose for further evaluation. Olaparib was well tolerated. Grade 3 toxicities were restricted to the occurrence of nausea and fatigue.
In conclusion, PARP inhibitors are promising candidates for establishing the first specific therapy of TNBC in the conceivable future. However, conclusions about the exact significance of this new class of small molecules would be premature. The efficacy of monotherapy versus combination therapy with conventional cytostatic agents remains yet to be compared. Future studies should also evaluate the impact of molecular parameters like PARP expression or BRCA mutations on predicting success with BSI-201 and olaparib treatment [21] .
HER2-Positive Breast Cancer
Trastuzumab as the prototype of a new generation of anti-neoplastic drugs binds to oncogenic RTKs, thus inhibiting tumor-specific signal transduction [22] . Overexpression of human epidermal growth factor receptor 2 (HER2) is of central significance in the pathogenesis of breast cancer, which is consistent with the high efficiency observed with monoclonal HER2 antibodies. In this context, molecular genetic investigations revealed that HER2-positive breast cancer is a well-defined entity featuring a characteristic gene expression profile. Although primarily aggressive, HER2-positive tumors can turn into a prognostically favorable disease when highly efficient trastuzumab treatment is administered. Based on this success, therapeutic strategies have been developed to optimize HER2 targeting and to inhibit HER2-dependent downstream signaling. The therapeutical range includes modified HER2 antibodies (pertuzumab, T-DM1) and small molecules that inhibit several members of the HER family while showing different reversibility in binding to the intracellular receptor domain (lapatinib, neratinib, BIBW 2992). It also includes mammalian target of rapamycin (mTOR) inhibitors that prevent activation of the phosphatidylinositol 3-kinase (PI3K)/ Akt pathway.
The development of targeted therapies was limited by lack of molecular knowledge on triple-negative carcinomas in the past. The finding that these tumors are often characterized by increased poly(ADP-ribose) polymerase-1 (PARP-1) activity enabled further progress in developing targeted therapies [16] .
Naturally occurring DNA repair mechanisms are a primary reason that tumors are fundamentally insensitive or become resistant to DNA-damaging therapies. PARP-1, a member of a large family of multifunctional enzymes, plays a key regulatory role in a DNA repair mechanism called base excision repair, which repairs single-strand breaks in DNA [17] . Inhibiting PARP-1 may prevent cancer cells from employing base excision repair to repair damage caused by DNA-damaging therapies. The inhibition of PARPs leads to the accumulation of DNA double-strand breaks at replication forks. This stops DNA replication and ultimately triggers apoptosis. PARP-1 activity may render cancer cells insensitive or resistant to DNA-damaging therapies. Inhibiting PARP-1 may enhance or restore sensitivity to these therapies [18] .
BSI-201
The combination of gemcitabine, carboplatin and the small molecule BSI-201 provides an example for the synergy between DNA-damaging agents and PARP inhibitors. A prospective randomized phase II study was designed on the basis of these data. 62 patients received poly-chemotherapy as described above whereas 61 patients received the experimental triple therapy. PARP-1 expression was verified in the majority of patients. Many patients had received prior anthracycline and taxane therapy. The study featured an extraordinarily high amount of patients with brain metastases (30%) compared to other studies on mBC. Previous treatment with up to two regimens in the metastatic state was allowed. Primary endpoints were clinical benefit rate and safety [19] .
BSI-201 plus gemcitabine/carboplatin improved the clinical benefit rate (62 vs. 21%, p = 0.0002), objective response rate (48 vs. 16%, p = 0.0002), median PFS (6.9 vs. 3.3 months, HR = 0.342, p < 0.0001), and median overall survival (9.2 vs. 5.7 months, HR = 0.348, p = 0.0005) compared with gemcitabine/ carboplatin alone.
BSI-201 was well tolerated. Gemcitabine-and carboplatinassociated side effects were not enhanced by the agent. No toxicities were reported during the application of BSI-201. Currently, a multinational phase III study with a similar twoarmed design is in progress to confirm these data.
Olaparib
At the same time, preliminary data from olaparib, another PARP inhibitor being currently evaluated in mBC, were disclosed at the 2009 American Society of Clinical Oncology (ASCO) congress. The patient collective in this trial was restricted to BRCA1/2 mutations because these tumor suppressor proteins are involved in DNA repair in the same way as Lapatinib was the first HER2 inhibitor showing activity in HER2-positive breast cancer after intensive pretreatment with trastuzumab and other cytostatic regimens:
In a randomized phase III study (n = 399), patients pretreated with anthracycline, taxane and trastuzumab received either lapatinib + capecitabine or capecitabine alone (EGF100151). The majority of patients received several prior regimens in the metastatic setting. Initial interim analysis revealed a significant benefit in the primary endpoint TTP in favor of the combined-treatment arm, which led to the premature discontinuation of the study. A low incidence of brain metastases during the course of disease was noted in the combined-treatment arm [27, 28] . The central nervous system (CNS)-specific antitumor effect of lapatinib was supported by data from a phase II study focusing specifically on a patient collective with brain metastases [29] . Following this evaluation, lapatinib was registered for second-and further-line therapy in HER2-positive breast cancer. Approval was limited to the combinations with capecitabine after previous anthracycline, taxane and trastuzumab treatment. In accordance with a positive opinion from the European Medicines Agency (EMEA), approval is currently extended to first-line therapy in combination with aromatase inhibitors in trastuzumab-naive patients.
Trastuzumab -Treatment beyond Progression
Continuous anti-HER2 therapy was evaluated in different therapy lines, including maintenance of trastuzumab administration. Different cytostatic drugs are considered for combination in treatment beyond progression (TBP) because of comparatively rapid emergence of resistance. This approach is based on the well-documented synergism between trastuzumab and several established cytostatic drugs for breast cancer [30, 31] . Pre-clinical studies demonstrated a persisting antiproliferative effect of trastuzumab during the entire exposition period, while discontinuation of the agent instantly triggers tumor growth [32] . This observation was implemented into clinical practice during a prospective multicenter study comparing combined therapy with trastuzumab and capecitabine as second-line therapy versus capecitabine alone. A significant difference was achieved in the primary objective TTP (5.6 vs. 8.2 months), favoring the combined-treatment arm. TBP, therefore, provides a valid alternative to lapatinib and capecitabine. Mature data on overall survival are not available at this time [33] . Drawing definitive conclusions from comparing data of both studies is impossible because both collectives received different prior treatment (GBG 26 second-line patients, EGF100151 second-line/heavily pretreated patients).
Combining lapatinib and trastuzumab (L + T) provides another option in this setting. 291 women were enrolled in a randomized phase II trial (EGF104900), comparing L + T against lapatinib (L) alone in the standard arm [34] . A second updated survival analysis, conducted when 75% of all results
HER2-Positive mBC -First-Line Therapy
The standard of first-line therapy for HER2-positive breast cancer consists of trastuzumab combined with taxane. This regimen significantly improved response rate, time to progression (TTP) and overall survival in comparison to paclitaxel or docetaxel alone [23, 24] . In both studies, data were derived exclusively from trastuzumab-naive patients. In current practice, however, HER2 antibody and taxanes are administered during primary treatment in most HER2-positive patients. Despite insufficient evidence, it appears reasonable to re-administer trastuzumab, if necessary, in combination with taxane. A relapse-free interval of 6-12 months should be observed.
The implementation of targeted therapies in breast cancer allows the renunciation of cytostatic drugs to a certain degree. Combinations with endocrine therapies has proved to be a promising approach in this context as cross-talk between estrogen receptor and HER2 signaling is responsible for endocrine resistance in breast tumors with HER2 overexpression. A proof-of-concept study (TAnDEM) showed that combining trastuzumab and anastrozol leads to the duplication of PFS compared to anastrozol alone (2.4 vs. 4.8 months) [25] .
The same strategy integrated in a phase III study was conducted to compare lapatinib plus letrozol versus letrozol alone in trastuzumab-naive patients with HR-positive breast cancer. A subgroup of 219 out of 1286 patients had HER2-positive breast cancer. Less than 10% of patients had received prior anthracyclin and taxane treatment. Previously, there has been limiting experience to employ the dual HER1/2 TKI lapatinib as first-line therapy in a trastuzumab-naive collective. The primary endpoint of the study was achieved by significantly prolonging median PFS from 3.0 to 8.2 months in the combined therapy arm. Significance was also reached in the improvement of the response rate from 15 to 28% (p = 0.021) as well as the clinical benefit rate (29 vs. 48%, p = 0.003) [26] .
Both studies represent a new and well-tolerated treatment principle that may be employed as first-line therapy in selected cases of HR-and HER2-positive breast cancer. Considering the low efficacy compared to taxane/trastuzumab combinations, indication should be limited to patients with lowrisk metastases.
HER2-Positive mBC -Treatment in Further Lines
The role of HER2 inhibition as a continuum within different therapy lines for HER2-positive breast cancer in the adjuvant and metastatic state has been generally accepted. Clinical experience with trastuzumab has shown that sensitivity towards the HER2 antibody is maintained in many cases for a very long period compared to cytostatic agents. Despite long-time survival, the issue of resistance against trastuzumab needed to be addressed as well. Trastuzumab resistance is linked to an increased downstream signaling like PI3K/Akt activation, mediated by PI3K mutations or phosphatase and tensin homolog (PTEN) loss [39] .
In vitro studies indicated that everolimus (RAD001) restores trastuzumab sensitivity to PTEN-deficient breast cancer cells, suggesting that mTOR inhibition may rescue trastuzumab resistance caused by PTEN loss.
Everolimus, a rapamycin ester analog, acts by selectively inhibiting mTOR, an intracellular serine/threonine protein kinase, and is involved in the regulation of a wide range of growth-related functions and neoplastic cells [40] .
A phase I study (CRAD001J2102) evaluated daily and weekly administration of everolimus combined with weekly trastuzumab and vinorelbine (25 mg/m 2 day 1 and 8 q3w) in patients with HER2-overexpressing mBC.
The trial recruited a total of 50 patients; the median number of prior antineoplastic regimens was 5 (range: 1-10) and the median number of prior chemotherapy regimens for metastatic disease was 2 (range: 0-6). All patients were resistant to trastuzumab; all except 1 received prior taxanes (46% of them considered taxane resistant) and 91% received prior anthracyclines. 10 (20%) patients were pretreated and considered resistant to lapatinib-based therapy.
The main toxicities included: grade 3-4 neutropenia, grade 2-3 stomatitis and fatigue.
Among the 44 evaluable patients for efficacy, 1 CR and 7 PRs have been reported, with an ORR of 18%. An additional 27 patients (61%) had disease stabilization.
In the 5-mg daily cohort (n = 25), the median TTPs in the patients who had received ≤ 1 (11 patients) or ≥ 2 (14 patients, range 2-6) previous chemotherapy lines for metastatic disease were 43 and 29 weeks, respectively.
The 5 mg daily schedule was selected as the recommended dose in combination with trastuzumab and vinorelbine for further development [41] .
Other HER2-Directed Agents
Trastuzumab-DM1 Direct covalent coupling of cytotoxic agents to monoclonal antibodies is an alternative to naked antibody-targeted therapy. Currently, only one such conjugate, anti-CD33 conjugated to calicheamicin (gemtuzumab ozogamicin or mylotarg), has been approved for the treatment of relapsed acute myeloid leukemia. Trastuzumab-DM1 (T-DM1) is a first-in-class HER2 antibody-drug conjugate specifically designed for the treatment of HER2-positive breast cancer. T-DM1 is designed to combine trastuzumab's HER2-blocking activity with targeted delivery of the highly potent antimicrotubule agent maytansine derivative (DM1) to HER2-expressig breast cancer cells.
T-DM1 is composed of three constituents: trastuzumab, the linker molecule succinimidyl-4-(N-maleimidomethyl (SMCC), and the cytotoxic agent DM1.
were achieved, revealed a 4.5-month prolongation of survival (14 vs. 9.5 months) in favor of the combination (HR 0.74, p = 0.026). Patients were heavily pretreated, receiving a mean of 4 and 5 regimens, respectively. There was a very high incidence of brain metastases (16/20%). Crossover of patients in the lapatinib-treated arm was extraordinary high as well (52%). In both study arms, striking overall survival was not achieved on the basis of relevant response rates (10.3% L + T vs. 6.9% L; p = 0.46), which may be indicative of the mode of action of biologicals as non-cytotoxic agents [35] . In summary, the present study may be viewed as pilot study for many reasons:
Heavily pretreated patients have hardly been investigated in prospective studies on breast cancer. In this setting, no survival benefit has been demonstrated by any regimen so far. The randomized study presents the first data on combining TKIs with an antibody in breast cancer. In contrast, the principle of dual HER2 inhibition is being investigated in the combination of trastuzumab and other HER2 inhibitors apart from lapatinib.
Pertuzumab
In vitro and in vivo experiments have demonstrated that HER2-containing heterodimers elicit greater mitogenic responses than HER2 homodimers. Thus, ligand-induced activation of either HER1 or HER3, with subsequent formation of heterodimers with HER2, may play an important role in resistance to conventional HER2 inhibitors.
Pertuzumab, a novel monoclonal antibody, is a HER2 dimerization inhibitor that binds to a different epitope on the HER2 protein than trastuzumab and inhibits HER2 dimer formation with other HER family members such as HER3 and HER1 [36] .
The single-agent activity of pertuzumab in HER2-positive mBC progressing on trastuzumab was modest (ORR 7%; n = 29) [37] .
Consistent with their distinct modes of action on HER2 signaling disruption, preclinical studies evaluating pertuzumab in combination with trastuzumab have demonstrated promising therapeutic efficacy. In 66 efficacy-evaluable patients included in a prospective phase II trial, the ORR based on investigator assessment was 24% (11 partial remission (PR), 5 complete remission (CR)), and the median PFS was 24 weeks. Stable disease lasting at least 8 cycles of treatment (~ 6 months) was observed in 26% of the treated patients. This drug was generally well tolerated. No relevant cardiac toxicity was observed [38] .
mTOR Inhibitors
Combining trastuzumab with mTOR inhibitors provides another variation of the TBP concept.
Moreover, neratinib is a novel TKI that blocks signal transduction through a broad spectrum of 3 receptors, erbB-1, erbB-2 and erbB-4 [44, 45] .
Recently, a phase II trial has been conducted, evaluating the role of neratinib in the monotherapy of HER2-positive mBC. Data were available for 136 patients. 68 subjects (50%), 34 in each of the 2 treatment groups, had received between 2 and 3 prior cytotoxic regimens; 40 subjects (29%), 24 (36%) in treatment group A and 16 (23%) in treatment group B (trastuzumab-naive patients), had received > 3 prior cytotoxic regimens. 89% of the subjects in treatment group A had received 1-3 trastuzumab-based regimens in the metastatic setting; 26% of these subjects had received trastuzumab in the neoadjuvant or adjuvant setting.
The ORR was 24% for subjects in treatment group A and 56% for subjects in treatment group B. A PR was reported for 53 evaluable subjects. The 16-week PFS rate was 59% and 78% and the median PFS was 22 weeks, with data censored for 23 subjects, and 40 weeks, with data censored for 32 subjects, for subjects in treatment groups A and B, respectively. Diarrhea (90% of subjects), which was reversible and generally manageable by supportive care, temporary discontinuation of treatment, and dose reduction regardless of toxicity grade were the most commonly reported side effects [46] .
These data suggest that neratinib has a single-agent activity comparable to lapatinib plus capecitabine in trastuzumab-pretreated mBC patients. These results need to be confirmed by large-scale randomized trials.
T-DM1 binds to HER2 with an affinity similar to that of trastuzumab; this binding is required for T-DM1 antitumor activity. The stable linker MCC allows the release of DM1 only when trastuzumab binds to surface HER2 and is internalized, where DM1 is released following lysosomal degradation of T-DM1. Consequently, systemic exposure to free DM1 is minimized while exposure of HER2+ tumors to DM1 is maximized [42] . This is another substance that has shown promising activity in lapatinib-pretreated patients. In the last year, preliminary results from a single-arm phase II trial have been presented. 112 trastuzumab-refractory patients were treated with a median of 3 prior chemotherapy regimens, 55% of them also with lapatinib after trastuzumab failure. With a median follow-up of 4.4 months, the objective response rate was 39.3%, and 38.3% for lapatinib-pretreated patients. Thrombocytopenia is the key toxicity (7.1% grade 3-4) [43] .
Neratinib
Lapatinib represents the first-in-class reversible HER1/2 TKI registered for the treatment of HER2 positive mBC.
The strategies of irreversible inhibition are recurrent themes in the development of the second generation of TKIs, of wich neratinib is an example. Irreversible inhibitors can permanently eliminate kinase activity until a new receptor is synthesized. Thus, these agents can provide prolonged suppression of the target, which is probably necessary to achieve maximal antitumor activity.
